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Candida albicansSsn6 is a crucial regulator of morphological transition and virulence in the fungal pathogen Candida
albicans. Ssn6 has previously been reported to act in complex with the transcriptional repressor
Tup1. Here, we report that Ssn6 also interacts with the histone deacetylase Rpd31, independently
of Tup1. The ssn6/rpd31 double mutant strain formed elongated ﬁlaments, but failed to form ﬁla-
ment extension, and this coincided with the down-regulation of the ﬁlament extension gene
UME6. Occupancy patterns of Ssn6 and Rpd31 differed at the promoters of UME6 and the metabolic
gene INO1. These ﬁndings indicate that, in C. albicans, Ssn6 has dual roles in ﬁlament development,
depending on the interaction with Rpd31.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction as a complex with Tup1 [19], which is a distinct repressor for mor-Candida albicans is one of the most common opportunistic fun-
gal pathogens in humans [1,2]. Its pathogenicity is directly linked
to its ability to undergo a morphological transition from the
yeast-form to ﬁlamentous hyphae [3–9]. This morphological
change is induced in response to a variety of environmental signals
such as serum, proline, N-acetylglucosamine, and different carbon
sources. From signal induction to morphological transition, there
are complex networks of signal transduction pathways [10,11].
Ssn6 is known as a general transcriptional repressor, which
exists as a complex with the transcriptional repressor Tup1
through its tetratricopeptide repeat (TPR) motifs [12–16] and
regulates the genes of many cellular processes including nutrient
utilization, osmotic stress, meiosis, mating, and sporulation in
Saccharomyces cerevisiae [17,18]. In C. albicans, Ssn6 also functionsphogenesis [20–24], but our previous data revealed that Ssn6 is a
critical factor for ﬁlamentous growth and virulence independently
of Tup1 [25]. Despite many studies focusing on the Ssn6-Tup1
complex in S. cerevisiae [26–28] and Tup1 in C. albicans [19–
21,24,29–31], how Ssn6 can regulate the morphological transition
and virulence of C. albicans in Tup1-independent manner has not
been well understood.
Therefore, we ﬁrst screened the interaction partner of Ssn6
through tandem afﬁnity puriﬁcation (TAP) and identiﬁed histone
deacetylase Rpd31 interacting with Ssn6 in Tup1-independent
manner. Because Ssn6 is a transcriptional regulator and histone
deacetylases (HDACs) also regulate genes transcriptionally through
direct binding to the chromatin, we speculated that Ssn6 and
Rpd31 might share the regulatory mechanism. We found that
Rpd31 is one of the critical factors regulating for morphogenesis
and virulence as Ssn6 in C. albicans. We also found that deletion
of SSN6 and RPD31 induced the development of elongated ﬁla-
ments, but caused to be defective in ﬁlament extension. Surpris-
ingly, chromatin immunoprecipitation (ChIP) assays of Ssn6 and
Rpd31 showed different patterns of enrichment at the promoters
of metabolic gene INO1 and hyphal extension gene UME6. Our
results suggest that Ssn6 has dual functions as a repressor or an
activator, depending on its target genes and participation of
Rpd31 for regulation, which is the critical point determining the
roles of Ssn6.
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2.1. C. albicans strains and culture conditions
All of the C. albicans strains used in this study are listed in
Table 1. The clinical isolates SC5314 and BWP17 were used as
parental wild-type strains. For yeast growth, cells were grown in
YPD (1% yeast extract, 2% peptone and 2% dextrose) at 28 C. For
hyphal-growth, pre-cultured cells in YPD were inoculated into
YPD supplemented with 10% Fetal bovine serum (FBS) or Spider
(1% mannitol, 1% nutrient broth and 0.2% K2HPO4) and grown at
37 C. Cells for gene disruption were cultured in modiﬁed synthetic
deﬁned (SD) with supplements.
2.2. Tandem afﬁnity puriﬁcation and MALDI-TOF mass spectroscopic
analysis
A calmodulin-binding peptide (CBP) TAP tag was fused to the C-
terminus of Ssn6 following the strategy described by Puig et al.
[32]. The resulting plasmid, pJO-1, was used as a template for
amplifying a CBP-TAP cassette containing at each end regions
homologous to the target region of SSN6. To express Rpd31-HPM-
TAP in C. albicans, the pHPM53U was used as described in Table 2.
The RPD31 open reading frame (ORF) was placed under the ADH1
promoter. Transformation of C. albicans cells was performed
according to a previously described protocol [33,34]. The CBP-
TAP-tagged Ssn6 complex was puriﬁed according to a previously
described protocol [32] with minor modiﬁcations. The peptide elu-
ents treated with trypsin were concentrated with a vacuum evap-
orator, and analyzed by MALDI-TOF mass spectroscopy.Table 1
Candida albicans strains used in this study.
Strain Genotype
SC5314 Wild type
CAI4 ura3D::imm434/ura3D::imm434
BWP17 ura3D::imm434/ura3D::imm434 arg4D::hisG/arg4 D::hisG his1D
Bca2-9 ura3D::imm434/ura3D::imm434 tup1D::hisG/tup1D::hisG
CH403 ura3D::imm434/ura3D::imm434 ssn6D::hisG/ssn6D::hisG-URA3
CH404 ura3D::imm434/ura3D::imm434 ssn6D::hisG/ssn6D::hisG
JO103 ura3D::imm434/ura3D::imm434 arg4D::hisG/arg4D::hisG his1D
HIS1/rpd31D::ARG4
JO1031 RPS10::RPS10-URA3-pGEM-T Easy in JO103
JO103R rpd31D::RPD31-URA3-pGEM-T Easy in JO103
JO203 ssn6D::hph/ssn6D::hph-URA3-hph in JO103
JO500 ura3D::imm434/ura3D::imm434 SSN6::CBPTAP-URA3
JO700 ura3D::imm434/ura3D::imm434 RPD31::CBPTAP-URA3
JO710 ura3D::imm434/ura3D::imm434 ssn6D::hisG/ssn6D::hisG RPD31
JO720 ura3D::imm434/ura3D::imm434 arg4D::hisG/arg4D::hisG his1D
ARG4 SSN6::CBPTAP-URA3
JO730 SSN6::CBPTAP-ARG4 RPD31::HPM TAP-HIS1 in BWP17
JO740 tup1D::hph/tup1D::hph SSN6::CBPTAP-ARG4 RPD31::HPM TAP-H
Table 2
Plasmids used in this study.
Plasmid Description
pBS1479 Shuttle vector containing CBPTAP tag
pJO-1 pBS1479 containing CaURA3
pJS-HPM53H Shuttle vector containing HPMTAP tag
pHPM53U pJS-HPM53H containing CaURA3
PADH pGEM T-Easy vector containing ADH promoter
pRPDREV2 pGEM T-Easy vector containing RPD31 ORF region
pSSN-1441 pGEM T-Easy vector containing SSN6 ORF
pQF181 Disruption vector containing hph-URA3-hph cassett
pQF182 Disruption vector containing hph-URA3-hph cassett
pSSN-181 hph-URA3-hph cassettes containing homologous rec
pSSN-182 hph-URA3-hph cassettes containing homologous rec
pRP10-URA3 pGEM T-Easy vector containing RPS10-CaURA32.3. Gene disruption of RPD31 in wild type and ssn6D in C. albicans
Disruption of RPD31 in C. albicans was carried out as described
by Gola et al. [35]. Brieﬂy, each allele of RPD31 was disrupted by
HIS1 and ARG4 auxotrophic markers ﬂanked at the 50-end by the
promoter region and at the 30-end by the terminator region of
RPD31. The cassettes were generated by PCR. For reintegration of
RPD31, the ﬂanking region of RPD31 ranging from 540 bp upstream
of the start codon to 450 bp downstream of the stop codon was
cloned with a URA3 marker yielding pRPDREV2. It was cleaved at
the BglII site for integration. Disruption of SSN6 in the rpd31D strain
was carried out as described by Fonzi and Irwin [36]. All transfor-
mants were conﬁrmed by diagnostic PCR and Southern blot.
2.4. Northern blot analysis
The coding regions of indicated genes were ampliﬁed by PCR
and labeled with [a-32P]-dATP. The primers used for production
of probes are listed in Table 3. The resultant blots were visualized
using the BAS-2500 system (Fuji Film).
2.5. Western blot analysis
The sample was separated by 10% SDS–PAGE and transferred
onto a membrane according to the method described by Towbin
et al. [37]. The membrane was incubated with primary antibody
overnight. After washing with TBST, the membrane was incubated
for 1 h with alkaline phosphate-conjugated secondary antibody.
The TBST-washed membrane was developed with BCIP and NBT
at 25 C.Source
Clinical isolate
Fonzi and Irwin [36]
::hisG/his1D::hisG Wilson et al. [55]
Braun and Johnson [20]
-hisG Hwang et al. [25]
Hwang et al. [25]
::hisG/his1D::hisG rpd31D:: This study
This study
This study
This study
This study
This study
::CBPTAP-URA3 This study
::hisG/his1D::hisG rpd31D::HIS1/rpd31D:: This study
This study
IS1 in BWP17 This study
Sources
Puig et al. [32]
This study
Graumann et al. [54]
This study
This study
with URA3 marker for reintegration This study
This study
es (URA3:50 ? 30 direction) Hwang et al. [25]
es(URA3:30  50 direction) Hwang et al. [25]
ombination region of SSN6 in pQF181 This study
ombination region of SSN6 in pQF182 This study
This study
Table 3
Primers used in this study.
Name Primer sequences Usage
ECE1-1F 50-ATGAAATTCTCCAAAATT-30 Northern
blot analysis
ECE1-1R 50-TAAGCTTTTCCG AAATAT-30 Northern
blot analysis
HWP1-1F 50-ATGAGATTATCAACTGCT-30 Northern
blot analysis
HWP1-1R 50-CTGTAGTAGTAGATGGAG-30 Northern
blot analysis
INO1-1F 50-CAGCCTCAATCGTCCTCGG CATC A-30 Northern
blot analysis
INO1-1R 50-CGAAGCGTCTTGCAAGTTTTGTAA-30 Northern
blot analysis
EFG1-1F 50-GTCAGAGATATTAAACGAGTGATTCAAACC-30 Northern
blot analysis
EFG1-1R 50-TCAATGACTGAACTTGGGGTGATTGG-30 Northern
blot analysis
ACT1-1F 50-ATGTGTAAAGCCGGTT-30 Northern
blot analysis
ACT1-1R 50-AATTGGAACAACGTGA-30 Northern
blot analysis
INO1-2F 50-CTAGACTCACAATCGACACGAC-30 ChIP assay
INO1-2R 50-CGAATACTGAAAGCATACACAGTTT-30 ChIP assay
UME6-2F 50-GCTTTGCTTTACATAATTGGTGATAGG-30 ChIP assay
UME6-2R 50-AGAACGACTGTATGGTAATCACTTT-30 ChIP assay
UME6-3F 50-CCCAGCACTGCTACTGGATCT-30 RT-qPCR
UME6-3R 50-GGTTGGGATTGTGCTTGTTGT-30 RT-qPCR
ACT1-3F 50-AGCTTTGTTCAGACCAGCTGATT-30 RT-qPCR
ACT1-3R 50-AGTTGAAAGTGGTTTGGTCAATACC-30 RT-qPCR
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Wild-type and mutant cells from an overnight culture were
diluted to an A600 of 0.5 in YPD supplemented with 10% FBS and
grown at 37 C. Cells were harvested at the indicated time points
(30 min) from triplicate samples. The qPCR was performed and
detected using SYBR premix EX Taq™ (TAKARA) and 7300 Real-
Time PCR systems (Applied Biosystems).
2.7. Virulence test
The ura3 strain showed attenuated virulence and proteome
changes in C. albicans [38]. To avoid any interference by the ura3
strain, StuI-digested pRP10-URA3 vector was integrated at the
RPS10 locus of all strains for the virulence assay. BALB/c (white,
female) mice weighing 17–20 g were used to test the virulence of
each strain.
2.8. Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described previously [39,40],
with minor modiﬁcations for C. albicans. For hyphal induction, cells
were grown until an A600 of 0.9 and transferred to fresh 50 ml YPD
supplemented with 10% FBS (Gibco). Cells were induced to form
hyphae for 30 min at 37 C and then cross-linked. For TAP tag ChIP,
each sonicated chromatin extract after zymolyase treatment was
pre-cleared with Sepharose CL-4B (Sigma) for 1 h at 4 C. Then,
supernatants were incubated with IgG Sepharose 6 Fast Flow (GE
Healthcare) for 3 h at 4 C. Then, the puriﬁed DNA was analyzed
using quantitative PCR.
3. Results and discussion
3.1. Ssn6 interacts with Rpd31 independently of Tup1
To identify components of the Ssn6 complex in C. albicans, the 30
end homologous region of SSN6 was integrated with coding
sequences for bipartite afﬁnity tags (CBP TAP) composed of twoIgG binding domains, Staphylococcus aureus protein A (Protein A)
and a calmodulin binding peptide (CBP), that had been separated
by a Tobacco etch viral protease cleavage site (Fig. 1A) [32]. Puri-
ﬁed Ssn6 complex was resolved through SDS–PAGE, followed by
trypsin in-gel digestion and MALDI-TOF mass spectroscopy. Tup1,
Rpd31, and Sds3 were identiﬁed as Ssn6-associated proteins
(Fig. 1B and D). Tup1 is a general transcriptional repressor and
has already been known to form a complex with Ssn6 in S. cerevi-
siae [13–15,17,18]. It has also been reported that Ssn6 and Tup1
exist as a complex in C. albicans [19]. Sds3, the integral component
of Rpd3L HDAC complex in S. cerevisiae [41–43], which is required
for its structural integrity and catalytic activity, might be co-puri-
ﬁed due to the Rpd31 from our result. Since it has already been
demonstrated that S. cerevisiae Rpd3 can interact with Ssn6 in a
Tup1-independent manner [44], Ssn6 and Rpd31 were C-termi-
nally tagged with CBP TAP and HPM TAP (which contains nine his-
tidines and nine c-Mycs) respectively in wild-type and Tup1-
absent cells to examine the interaction in C. albicans. Immunoblot-
ting against Rpd31 of Ssn6 complex puriﬁed from each cell
revealed that Rpd31 also could interact with Ssn6 in a Tup1-inde-
pendent manner (Fig. 1C). Therefore, our results suggest that
Rpd31, which is a homologue of the histone deacetylase Rpd3 in
S. cerevisiae, could directly interact with Ssn6 in a Tup1-indepen-
dent manner as does Rpd3 in S. cerevisiae [44,45]. This ﬁnding indi-
cates that the Ssn6-Rpd31 complex in C. albicans exerts its function
in a similar manner as in S. cerevisiae. Previously, we reported that
Ssn6 is a transcriptional regulator of ﬁlamentous growth in C. albi-
cans [25]. Our data suggest that Rpd31 also might be involved in
ﬁlament development in C. albicans.
3.2. Rpd31 is directly linked to ﬁlament development and virulence in
C. albicans
To investigate the roles of Rpd31 in ﬁlamentous growth in C.
albicans, both alleles of RPD31 were disrupted. When grown for
5 days on Spider plate at 37 C, the rpd31D mutant showed com-
pletely smooth colony morphology and failed to develop ﬁlaments
(Fig. 2A). This defect was restored when one allele of RPD31 was
recovered (Fig. 2A). The ﬁlament-speciﬁc genes HWP1 and ECE1
also were not induced in the rpd31D mutant when grown on Spi-
der plate at 37 C, in contrast to wild-type and rpd31::RPD31
strains (Fig. 2B). To determine whether the failure of ﬁlament
development in the rpd31Dmutant is linked to virulence in C. albi-
cans, wild-type, rpd31D and rpd31::RPD31 strains were injected
intravenously into immunocompetent mice. Although all of the
mice injected with the wild-type and the rpd31::RPD31 strain died
within 10 days of infection, those injected with the rpd31Dmutant
survived by more than 60% up to 30 days (Fig. 2C). It was previ-
ously reported that RPD31 had little effect on ﬁlamentation, which
was deduced from RPD31-disruption mutant generated by Tn7
insertion mutagenesis [46]. Instead of partial disruption for
RPD31, our results were based on the completely RPD31-deleted
mutant (Fig. S1). These signiﬁcant effects on ﬁlamentation and vir-
ulence were also recovered by reintegration of RPD31 into RPD31-
deleted locus. These results indicate that Rpd31 acts as an activator
of ﬁlamentous growth and virulence.
3.3. Ssn6 and Rpd31 co-suppress development of ﬁlaments in C.
albicans
We previously reported that deletion of SSN6 in C. albicans
caused a roughly wrinkled colony and stubby ﬁlament cell mor-
phologies at an elevated temperature even under ﬁlament-induc-
ing conditions [25]. SSN6 was further deleted in rpd31D mutants
to elucidate the epistatic relationship between Ssn6 and Rpd31
because phenotypic differences of each ssn6D and rpd31D mutant
Fig. 1. Histone deacetylase Rpd31 interacts with Ssn6 in Tup1-independent manner. (A) Schematic representation of the endogenous Ssn6 tagged C-terminally with CBPTAP.
CBP, TEV, and Protein A represent calmodulin-binding protein, Tobacco etch virus, and two IgG binding domains of Staphylococcus aureus protein A, respectively. (B) Puriﬁed
Ssn6 complex using the TAP method were resolved on a 10% denaturing gel and stained with silver nitrate. Identiﬁed proteins are indicated by arrows and labeled. M
represents the size marker for proteins and the indicated numbers correspond to size in kDa. (C) Ssn6 and Rpd31 were C-terminally tagged with CBPTAP and HPMTAP,
respectively. CBPTAP is the same tag used in (A) and (B). HPMTAP is composed of nine histidines and nine c-Myc epitopes separated by two cleavage sites of PreScission
protease [54]. C-terminally tagged Ssn6 was puriﬁed using the same method as in (B). Input and puriﬁed Ssn6 from wild type and Tup1-absent cells were resolved on a 10%
denaturing gel and immunoblotted against Tup1 and c-Myc. (D) Identiﬁed components of Ssn6 complex are listed with protein names, calculated molecular masses, numbers
of matched peptides, sequence coverages, and the corresponding scores given by the Mascot algorithm. ORF represents the Assembly 19/20 identiﬁer of each gene encoding a
corresponding protein from the Candida Genome Database (http://www.candidagenome.org).
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interaction. Interestingly, the rpd31D ssn6D mutant showed softly
wrinkled colony morphology contrary to the smooth colonies of
wild-type, rpd31D, and ssn6D strains at 28 C (Fig. 3A). Further-
more, the rpd31D ssn6D mutant showed ﬂuffy-surfaced and wrin-
kled colony at 37 C, which was distinctly different from the
smooth colony of the rpd31D mutant and the wild-type, and the
roughly wrinkled colony of the ssn6D mutant. Cells scraped from
each colony showed that the rpd31D ssn6Dmutant developed par-
tially elongated ﬁlaments at 28 C and fully elongated ﬁlaments at
37 C while only the ssn6D mutant developed stubby ﬁlaments at
37 C (Fig. 3B). These morphologies suggest that deletion of
RPD31 positively affects ﬁlament development only in the absence
of Ssn6. Along with cell morphology, expression of ﬁlament-spe-
ciﬁc genes was also induced in the rpd31D ssn6D mutant at
28 C, and was more increased at 37 C, while expression of the
same genes in the ssn6D mutant was induced only at 37 C
(Fig. 3C). Surprisingly, the expression of ECE1, which is related to
ﬁlament elongation [47], was more elevated in the rpd31D ssn6D
mutant than in the ssn6D mutant at 37 C (Fig. 3C). This observa-
tion could explain why the rpd31D ssn6D mutant developed more
elongated ﬁlaments than did the ssn6D mutant.
The induction of HWP1 and ECE1 at 28 C by deletion of RPD31
and SSN6 suggests that the genes repressed by Ssn6 might be also
co-repressed by other transcriptional regulators in Ssn6-indepen-
dent but Rpd31-dependent manner since previous studies have
reported that various transcriptional regulators recruit Rpd3 in S.
cerevisiae [43,48–51]. However, the expression of INO1, of whichhomologue in S. cerevisiae encodes inositol-3-phosphate synthase
and is repressed by Rpd3 [48], was mostly dependent on Ssn6
rather than Rpd31 regardless of temperature (Fig. 3C). These
results suggest that the repression of target genes is mainly
exerted by Ssn6, but not by Rpd31, in the Ssn6-Rpd31 complex,
and that the Ssn6-Rpd31 complex has stronger repressive effects
than those of Ssn6-independent Rpd31 complex.
Overall, the morphology and the expression of ﬁlament-speciﬁc
genes in the deletion mutant of RPD31 and SSN6 showed that Ssn6
might function as a predominant repressor regardless of Rpd31 in
C. albicans. Interestingly, in the absence of Rpd31, Ssn6 is likely to
exert a more strengthened repression of target genes than in the
presence of Rpd31, because the deletion of RPD31 fails to develop
ﬁlaments (Fig. 2A). As the deletion of RPD3 in S. cerevisiae often
causes repression or has little effect on the transcription of many
genes [50], similar effects in C. albicans might be related to the
increased repressive effect of Ssn6 caused by dysfunction of
Rpd31-dependent transcriptional repressors.
3.4. Ssn6 and Rpd31 are both required for ﬁlament extension in C.
albicans
Because deletion of RPD31 and SSN6 induced development of
elongated ﬁlaments, we examined the differences of ﬁlamentation
between wild-type and rpd31D ssn6D mutant under ﬁlament-
inducing conditions. Interestingly, the rpd31D ssn6Dmutant could
develop further elongated ﬁlaments compared to ssn6D mutant,
but it could not extremely elongate its ﬁlaments like wild-type
Fig. 2. Rpd31 is indispensable for ﬁlamentous growth and virulence of C. albicans.
(A) Colony morphology of the wild-type, rpd31D, and its revertant rpd31D::RPD31.
Each strain was grown for 4 days on Spider medium at 37 C. Each scale bar
represents 2 mm. (B) Expression of HWP1, ECE1 and INO1 in wild-type, rpd31D, and
rpd31D::RPD31 strains. Each strain was grown at 37 C in Spider liquid medium for
6 h. 40 lg of RNA was prepared from each strain, and northern analysis was carried
out with probes for the indicated genes. ACT1 was used as the loading control. (C)
Virulence assay of C. albicans in a mouse model. BALB/c mice were inoculated with
0.1 ml of 106/ml cells grown on YPD plates for 48 h at 28 C. Each of following that
wild-type (open square), rpd31D (closed circle), or rpd31D::RPD31 (closed square).
Fig. 3. Ssn6 and Rpd31 are important for suppression of ﬁlamentous growth in C.
albicans. (A) Colony morphology of wild-type, rpd31D, ssn6D, and rpd31D ssn6D
strains. Each strain was grown for 3 days on YPD medium at 28 C or 37 C. Each
scale bar represents 2 mm. (B) Cell morphology of wild-type, rpd31D, ssn6D, and
rpd31D ssn6D strains. Each cell was scraped from a colony of (A). Each cell was
stained with calcoﬂuor white and visualized by ﬂuorescence microscopy. Each scale
bar represents 10 lm. (C) Expression of HWP1, ECE1, and INO1 in wild-type, rpd31D,
ssn6D, and rpd31D ssn6D strains. Each strain was grown at 28 C or 37 C in YPD
liquid medium for 6 h. 40 lg of RNA was prepared from each strain, and northern
analysis was carried out with probes for the indicated genes. ACT1 was used as the
loading control.
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type, the width of ﬁlaments was also irregular in the rpd31D ssn6D
mutant as that in ssn6D mutant, while wild-type developed rela-
tively narrow and constant-width ﬁlaments (Fig. 4A). However,
the expression of the ﬁlament-speciﬁc genes HWP1, ECE1, and
the positive hyphal regulator EFG1 in the rpd31D ssn6D mutant
was induced in Spider at 37 C. It is also noteworthy that the
rpd31D ssn6D mutant showed distinct, elevated expression of
ECE1 compared to the wild-type and the ssn6D mutant (Fig. 4B).
The deletion of the Ssn6-Rpd31 complex could cause incomplete
ﬁlament development in C. albicans even though ﬁlament-speciﬁc
genes were induced under ﬁlament-inducing conditions. That is,
it is supposed that the Ssn6-Rpd31 complex not only acts as a
repressor but also acts as an activator of ﬁlament development,
coinciding with our results for the deletion mutant of RPD31
(Fig. 2).
3.5. Ssn6 and Rpd31 are essential for expression of UME6 under
ﬁlament-inducing conditions
It has been previously reported that UME6 is speciﬁcally impor-
tant for ﬁlament extension and virulence [29,52,53]. UME6 was
expressed transiently from 15 min to 3 h after FBS induction inYPD medium at 37 C [29]. As the absence of Ssn6-Rpd31 complex
caused the failure in extended elongation of ﬁlaments in C. albicans
(Fig. 4A), we investigated the expression of UME6 in wild-type and
rpd31D, ssn6D, and rpd31D ssn6Dmutants after 10% FBS induction
for 30 min in YPD medium at 37 C. Surprisingly, the expression of
UME6 was distinctly decreased in the rpd31D, ssn6D, and rpd31D
ssn6D mutants (Fig. 5A). This result indicates that Rpd31 and
Ssn6 are both required for the expression of UME6 under ﬁla-
ment-inducing conditions.
The necessity of Ssn6 and Rpd31 for the induction of UME6 illu-
minates another side of Ssn6-Rpd31 complex as an activator of ﬁl-
ament development in C. albicans. In the side as a repressor, Ssn6-
Rpd31 complex suppresses ﬁlamentous growth of C. albicans until
it encounters ﬁlament-inducing condition such as elevated tem-
perature, serum, and nutrient sources. However, rpd31D ssn6D
mutant could not reach the ﬁnal point of ﬁlament development.
Although the release of Ssn6-Rpd31 complex from target genes
induced the expression of ﬁlament-speciﬁc genes sequentially fol-
lowed by development of ﬁlaments, it did not induce the ﬁlament
extension of C. albicans in YPD containing 10% FBS or Spider at
Fig. 4. Ssn6 and Rpd31 function as a co-activator for induction of extended ﬁlamentation in C. albicans. (A) Cell morphology of wild-type, rpd31D, ssn6D, and rpd31D ssn6D
strains. Each cell was grown at 37 C in YPD, Spider, and YPD+10% serum liquid media for 6 h. Each cell was stained with calcoﬂuor white and visualized by ﬂuorescence
microscopy. The cell morphology of wild-type, ssn6D and rpd31D ssn6D strains in YPD+10% serum liquid media at 37 C (indicated by white box) are magniﬁed in the last
column of (A). The septic junctions of each cell are indicated by white arrows. Each scale bar represents 10 lm. (B) Expression of HWP1, ECE1, EFG1, and INO1 in wild-type,
rpd31D, ssn6D and rpd31D ssn6D strains. Each strain was grown at 37 C in YPD or Spider liquid media for 6 h. 20 lg of RNA was prepared from each strain, and northern
analysis was carried out with probes for the indicated genes. ACT1 was used as the loading control.
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Because Ume6 is a positive regulator for ﬁlament extension
[29,53], it is crucial for ﬁlament development to regulate UME6
as a downstream target of other ﬁlamentation-related transcrip-
tional regulators such as Nrg1-Tup1, Efg1, and Cph1 [52].
Decreased expression of UME6 in the absence of Ssn6 or Rpd31 is
the noticeable evidence that the Ssn6-Rpd31 complex could act
as an activator of ﬁlament development.
To investigate how the role of Ssn6-Rpd31 complex is deter-
mined as a repressor or as an activator, we examined the occupan-
cies of Ssn6 and Rpd31 at the promoters of INO1 and UME6 under
the condition that induces the expression of UME6. At both pro-
moters, Ssn6 was more enriched in the rpd31D mutant than inthe wild-type (Fig. 5B), which indicates that the interaction of
Ssn6 with both genes is strengthened in the absence of Rpd31.
Also, the suppressive effects of RPD31 deletion from our results is
partly caused by strengthened interaction of Ssn6 with target
genes. This result also indicates that Ssn6 interacts with INO1
and UME6 in similar manner and, therefore Ssn6 is not the deter-
minant for action of Ssn6-Rpd31 complex. Surprisingly, Rpd31
was more enriched at the promoter of UME6 than that of INO1,
and at the promoter of UME6, Rpd31 was less enriched in ssn6D
mutant than in the wild-type (Fig. 5B). This ﬁnding indicates that,
in ﬁlament-inducing condition, Rpd31 interacts with UME6 more
than with INO1 and this interaction of Rpd31 with UME6 is medi-
ated by Ssn6. Therefore, it suggests that the role of Ssn6-Rpd31
Fig. 5. Ssn6 and Rpd31 are crucial for activation of ﬁlament extension gene UME6
and are differently enriched at the promoter of UME6 and INO1. (A) Expression of
UME6 in wild-type, rpd31D, ssn6D, and rpd31D ssn6D strains under ﬁlament-
inducing conditions. Each cell was induced at 37 C in YPD liquid medium for
30 min after addition of 10% serum. 500 ng of RNA was prepared from each strain,
and applied to RT-qPCR analysis. Each measured UME6 transcript level relative to
ACT1was normalized to the wild-type. The results represent the average from three
independent experiments, with bars representing S.E.M. (B) Occupancy of Ssn6 and
Rpd31 at promoter regions of INO1 and UME6 under ﬁlament-inducing conditions.
Under the same conditions as in (A), Ssn6 ChIP analysis at each promoter region was
carried out in the wild-type and rpd31D strain, and Rpd31 ChIP analysis at each
promoter region was carried out in the wild-type and ssn6D strains. Each
enrichment was normalized with 1% input. The results represent the average from
three independent experiments, with bars representing S.E.M. The asterisk
indicates a statistically signiﬁcant difference between paired values as determined
by the Student’s t test (P < 0.05).
Fig. 6. Model for regulation of ﬁlamentous growth by Ssn6 and Rpd31. Under non-
ﬁlament-inducing condition, Ssn6-Rpd31 complex represses ﬁlament-speciﬁc
genes such as HWP1 and ECE1. In a repressor mode of Ssn6-Rpd31 complex,
repression of genes is mainly accomplished by Ssn6 but not by Rpd31. Rpd31 also
represses same genes in Ssn6-independent manner with unknown transcriptional
repressor. The repression equilibrium to genes is established between Ssn6-Rpd31
complex and Ssn6-independent Rpd31 complex. When both complexes are
functional, Ssn6-Rpd31 complex is a major repressor for target genes and Ssn6-
independent Rpd31 complex is a minor repressor for target genes. When one of two
complexes is non-functional, target genes are susceptible to regulatory mechanism
of other complexes. Under ﬁlament-inducing condition, ﬁlament-speciﬁc genes
repressed by Ssn6-Rpd31 complex and Ssn6-independent Rpd31 complex are
induced by the release of theses complexes from them. Inductions of these genes
are sequentially followed by ﬁlament-development. In the process of ﬁlamentation,
another set of ﬁlament-speciﬁc genes is also induced for extremely extension of
ﬁlaments. The positive regulator Ume6 are involved in the induction of these genes
and the activation of UME6 requires both Ssn6 and Rpd31 in the form of Ssn6-
Rpd31 complex. The regulation of INO1, which encodes for inositol-3-phosphate
synthase, is only affected by the repression equilibrium between Ssn6-Rpd31
complex and Ssn6-independent Rpd31 complex regardless of ﬁlamentation.
Therefore, the regulatory role of Ssn6-Rpd31 complex might be a transcriptional
repressor or activator depending on Ssn6-mediated recruitment of Rpd31 to the
regulatory region of genes.
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UME6 (Fig. 5A) is determined by Rpd31 in the Ssn6-dependent
manner. That is, in Ssn6-Rpd31 complex, Ssn6 is mainly required
for the repression of INO1, but both Ssn6 and Rpd31 are required
for the activation of UME6 in ﬁlament-inducing condition.
From the present results, we propose a model for how Ssn6-
Rpd31 complex regulates ﬁlament-speciﬁc genes in a dual manner
as a repressor or an activator (Fig. 6). Under non-ﬁlament-inducing
condition, the Ssn6 would mainly repress a set of ﬁlament-speciﬁc
genes related to ﬁlament development. The Rpd31 would also par-
ticipate in this repression with another repressor rather than Ssn6.
Even though independent repression of same genes by Ssn6 and
Rpd31 might be competitive, Ssn6 is a predominant repressor for
target genes. Under ﬁlament-inducing condition, the release of
Ssn6 complex and Rpd31 complex from ﬁlament-speciﬁc genes
would induce the development of ﬁlaments. In this process of ﬁla-
mentation, another set of ﬁlament-speciﬁc genes also should be
activated for extremely extension of ﬁlaments. The positive regula-
tor Ume6 is involved in regulation of ﬁlament-extension and the
activation of UME6 is mediated by Ssn6-Rpd31 complex. In con-
trary to a mode of repressor, both Ssn6 and Rpd31 would be
required as a complex for a mode of activator. Therefore, the role
of Ssn6-Rpd31 as a repressor or an activator might be determined
by Ssn6-dependent interaction of Rpd31 with genes.
Our results partially clariﬁed the regulatory roles of Ssn6 and
Rpd31, but also raised questions about how these actions of theSsn6-Rpd31 complex are connected to the repressive actions of
Tup1, whether dual role of Ssn6-Rpd31 complex is dependent on
ﬁlamentation or not, and how the Ssn6-Rpd31 complex differenti-
ates genes in a dual way. Further studies on the molecular regula-
tory mechanism of the Ssn6-Rpd31 complex will improve our
understanding of C. albicans as a pathogen.
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